The U.S. Army Research Laboratory's ultra-wideband (UWB) radar was used in field experiments for through-the-wall imaging of an abandoned Army barrack with an approximate 33 m by 27 m footprint. In a previous paper, we used a Physical Optics (PO) based ray tracing code simulating a far-field spotlight configuration in order to explain some scattering features observed in the experimental image (obtained via nearfield strip-map configuration). In this paper, we use the same code and model for a data collection geometry that closely matches the experimental setup, and the backprojection algorithm (BPA) for image formation. The new simulated image shows an improved correlation with the measured image, further confirming the applicability of ray tracing codes for UWB imaging in a realistic environment.
I. Introduction
The U.S. Army Research Laboratory (ARL) has been investigating many aspects related to Sensing through the Wall (STTW) technology, including a systematic analysis of the human body signature, as well as synthetic aperture radar (SAR) techniques for building imaging. A significant part of our work in building imaging has been based on electromagnetic modeling using exact methods such as the Finite Difference Time Domain (FDTD), or asymptotic methods such as the PO based multi-bounce ray tracing code Xpatch. Recently, we have also performed STTW measurements using the in-house built Synchronous Impulse Reconstruction (SIRE) ultra-wideband (UWB) radar to obtain SAR images of an abandoned Army barrack [1] . These measured images were compared with simulated images from Xpatch [2] , which modeled a fairly different scenario than the actual data collection geometry. The SIRE experiment assumed a near-field stripmap configuration, and used the backprojection algorithm for image formation, whereas Xpatch modeled a far-field spotlight geometry and used the polar format algorithm (PFA) for image formation. While the two imaging methods are fairly closely related, there are differences which were addressed in [3] . In this paper, we perform the near-field stripmap Xpatch simulations that closely match the field measurements and employ the BPA in the image formation process. We should note that this near-field simulation approach required significantly more computational time when compared to the previously reported far-field simulation. However, the new simulated image is in closer agreement with the measured image which increases our confidence in using the PO based ray tracing code for UWB imaging.
II. Experimental Description
The ARL-SIRE radar is a vehicle-borne UWB impulse-based system, designed to create SAR images in two operational modes: side-looking mode in STTW applications, and forward looking mode in detecting roadside obstacles, as shown in Fig. 1 . The radar system consists of two TEM horn transmit antennas situated on top of the linear array of sixteen Vivaldi notch receiver antennas which are mounted on a 2 m wide wooden platform. When combined with its 300 MHz -2400 MHz operational bandwidth, these independently operated receiver antennas provide a real aperture SAR image for the stationary positioned vehicle. Currently, all the antennas are aimed 11° downward (toward the ground) for both operational modes. This arrangement allows rapid change of operating configuration by simply rotating the entire antenna platform 90°. 2 shows a one-story CAD model of an abandoned barrack building, with two living quarters connected by a cross-link building that housed the bathrooms and shower facility. A large metal fuel tank is located outside, centered between the two housing areas. The exterior building is covered with painted plywood panels, double hung windows, and asphalt shingles on a supported wooden truss roof. The framed exterior wall is composed of mostly two-by-four wooden studs (3.8 cm x 8.9 cm in the cross section) with the painted plywood panels (1.9 cm thickness) on the exterior side, and drywall panels (1.6 cm thickness) on the interior side. Additional aluminum studs are also found in various locations. While many of the bathroom fixtures have been removed, the plumbing, electrical wiring/fixtures, and the heating-ventilation-airconditioning (HVAC) systems are still in place. Most of the interior walls and ceiling are covered with dry wall panels. Cinder block walls are found in the bathroom/shower area.
The measurement data were obtained as the vehicle was driven along two sides of the building while keeping a distance of approximately 10 m away from the exterior walls. It took about 90 seconds to acquire the radar data from both sides of the building. Radar coverage was designed to be 25 m with a down-range starting at 2 m in front of the exterior wall. The SAR images for each pass were independently formed and then incoherently combined to generate the overall building map.
III. Xpatch Simulations vs Measurement
We included most of the visible objects (roof truss, wall studs, walls, glass windows, HVAC components, hanging ceiling light fixtures, etc.) in our CAD model. Some of the building features were not visible and their placements were based on our educated guess (e.g. HVAC ducts). A complex dielectric constant is assigned to each of the building objects, and a flat dielectric ground plane is also included in the model. We simulated the Xpatch radar data acquisition along the same paths as the SIRE radar measurement. The lengths of the Xpatch synthetic apertures extend 1 m outside the building footprint, while the distance between successive sensor positions is 7.5 cm. Only one transmitter and one receiver antenna is used in this strip-map simulation for every vehicle position. Thus, there are a total of 461 simulated sensor positions along the long side and 379 positions along the short side of the building. The modeled transmitting and receiving antenna pattern has a 3 dB beamwidth of 60° in both elevation and azimuth plane. In Xpatch near-field simulation mode, rays are launched from the transmitting antenna location, with magnitudes weighted by the 3-D transmitter antenna pattern. A multi-bounce raytracer algorithm is used to determine the lit and the shadow target surface areas; the PO induced surface current is then computed at each "hit" point (based on the material properties attributed to the surface). Using the free-space Green function, the computed scattered fields from all the "hit" points are added coherently (after weighting by the 3-D receiver antenna pattern) at the receiver end. As a result, Xpatch produces one complex field number whose magnitude square represents the ratio of received power to transmitted power, for each sensor position along the aperture at a given frequency. Fig. 3 shows the pixel-to-pixel incoherent sum of the two SAR images taken from both sides of the building for both simulated and measured data. When comparing these two images, two important details should be noted. First, the measured data is limited to a down-range swath of 23 m from the nearest exterior front wall (that is parallel to the radar path). The range swath limitation can be mitigated in future tests with a change in firmware. Second, the simulated data is displayed with a wider dynamic range to reveal additional scattering centers. Note that the extra ground plane in front of the cross-link building effectively increases the wall's scattering return in both simulated and measured images. Their maximum pixel intensities are used to normalize the scale for each respective image. Since the grassy ground plane is modeled as a flat dielectric surface, one would expect stronger simulated scattering returns from the exterior wall (due to perfect dihedral geometry of the wall and the ground) when compared to measured data.
With the additional 5 dB at the lower end of the dynamic range scale, the simulated image indeed displays most of the scattering centers, as seen in the measured image. 
IV. Summary
Although we used a simplified antenna model and sparse simulated sensor positions, the simulated image is closely correlated with the measured image. This suggests that the PO-based ray tracing technique is a valuable method in investigating the scattering phenomena observed in UWB imaging. A better model of the grassy area in front of the building, as well as additional sensor position samples in the simulation should further improve the accuracy of the prediction. In fact, the simulation image represents the "ideal" conditions in the drive-by measurement (e.g. complete removal of unwanted interferences, fully motion-compensated data processing, etc.) which potentially can be used for predicting the overall radar performance in a realistic environment.
